Betaine supplementation has been shown to alleviate altered glucose and lipid metabolism in mice fed a high-fat diet or a high-sucrose diet. We investigated the beneficial effects of betaine in diabetic db/db mice. Alleviation of endoplasmic reticulum (ER) and oxidative stress was also examined in the livers and brains of db/db mice fed a betaine-supplemented diet. Male C57BL/KsJ-db/db mice were fed with or without 1% betaine for 5 wk (referred to as the db/db-betaine group and the db/db group, respectively). Lean non-diabetic db/+ mice were used as the control group. Betaine supplementation significantly alleviated hyperinsulinemia in db/db mice. Betaine reduced hepatic expression of peroxisome proliferator-activated receptor gamma coactivator 1 alpha, a major transcription factor involved in gluconeogenesis. Lower serum triglyceride concentrations were also observed in the db/db-betaine group compared to the db/db group. Betaine supplementation induced hepatic peroxisome proliferator-activated receptor alpha and carnitine palmitoyltransferase 1a mRNA levels, and reduced acetyl-CoA carboxylase activity. Mice fed a betaine-supplemented diet had increased total glutathione concentrations and catalase activity, and reduced lipid peroxidation levels in the liver. Furthermore, betaine also reduced ER stress in liver and brain. c-Jun N-terminal kinase activity and tau hyperphosphorylation levels were lower in db/db mice fed a betaine-supplemented diet, compared to db/db mice. Our findings suggest that betaine improves hyperlipidemia and tau hyperphosphorylation in db/db mice with insulin resistance by alleviating ER and oxidative stress.
INTRODUCTION
Diabetes mellitus is one of the most important and prevalent chronic diseases. Oxidative stress, reflected in increased levels of proinflammatory cytokines, the dysregulation of mitochondrial function, and the overproduction of reactive oxygen species, has also been implicated in insulin resistance (1) . Endoplasmic reticulum (ER) stress is a key factor linking obesity and type 2 diabetes. Previous reports have shown that the administration of molecular or active chemical chaperones to obese and diabetic mice normalizes insulin signaling in the liver, skeletal muscle, and white adipose tissues (2, 3) . The markers of ER and oxidative stress are increased in db/db mice, a genetic model of type 2 diabetes, compared with those in lean mice (4, 5) .
It has been shown that obesity, diabetes mellitus, and non-alcoholic steatohepatitis can be associated with patho- logical changes in the brain (6, 7) . Insulin receptors are present in the hippocampus and the medial temporal cortex in rat, suggesting a role for insulin in cognitive function (8) . A previous study indicated that mice with insulin deficiency induced by streptozotocin showed rapid tau hyperphosphorylation, similar to that seen in early Alzheimer's disease (AD) (9) . Whereas accumulating evidence continues to support the hypothesis that insulin dysregulation is a significant risk factor in the development of neurodegenerative diseases, the precise mechanisms by which insulin resistance affects AD remain unknown.
Betaine (N,N,N-trimethylglycine) has been shown to protect the liver by attenuating steatosis, oxidative stress, and fibrosis. It has three active methyl groups and is an alternative methyl donor for betaine-homocysteine methyltransferase-mediated remethylation, which converts homocysteine to methionine (10) . ER stress, fatty acid accumulation, and apoptosis were alleviated in the livers of animal models and in cultured hepatocytes supplemented with betaine (11, 12) . Betaine also ameliorates alcoholic and nonalcoholic pathological injuries by reducing peroxidation in the liver (13) (14) (15) . Beneficial effects of betaine on fasting glucose and insulin levels, and hepatic insulin resistance have been reported in mice fed a high-fat diet or high-sucrose diet (16, 17) . Therefore, in the present study, we investigated the beneficial effects and the underlying mechanism(s) of betaine in the livers and brains of db/db mice.
MATERIALS AND METHODS

Animals.
Male C57BL/KsJ-db/db mice and their lean heterozygote non-diabetic control (db/+) mice were purchased from Japan SLC, Inc. (Japan) on five weeks of age. During acclimation period, mice were fed only standard chow diet. After two to three week acclimation period, blood glucose level was measured. Confirmed high glucose db/db mice (> 300 mg/dL) were randomly divided into two groups and fed either control AIN-93G diet or betaine supplemented diet (1 g betaine/100 g diet). db/+ mice were fed an AIN-93G diet. Diets and water were provided ad libitum. All mice were maintained in a temperature (22 ± 3 o C) and humidity (50 ± 10%)-controlled room with a 12 h lightdark cycle. The experimental procedures used in the present study were approved by Seoul National University Institutional Animal Care and Use Committee. At the end of experiment, mice were sacrificed after an overnight fast. Blood samples were rapidly obtained from puncture of the right atrium and serum was obtained after centrifugation. Tissues were removed, snap-frozen immediately in liquid nitrogen, and stored at −80 o C until analysis.
Serum analysis. After blood collection, blood was centrifuged at 3000 rpm for 20 min and stored at −80 o C until the blood biochemistry was analyzed. Serum glucose and triglyceride levels were determined using commercial kits (Asan Pharmacy, Korea). Serum insulin levels were measured using an insulin ELISA kit (Millipore, USA). The insulin resistance index was estimated by homeostasis model assessment with the following formula: serum glucose × serum insulin/22.5, with serum glucose in mmol/ml and serum insulin in µU/ml.
Hepatic lipid analysis. Total lipids were extracted from 25 mg of tissue according to the method used by Folch et al. (18) . Briefly, total lipids from tissues were extracted and homogenized in methanol-chloroform (1 : 2, v/v). The extraction solvent was concentrated by nitrogen gas, the lipid pellets were resuspended in isopropanol, and triglyceride and cholesterol contents were determined by an enzymatic colorimetric method using the commercial kit (Asan Pharmacy, Korea).
Antioxidant enzyme activity and total glutathione assays. Tissues were homogenized in 10 volumes (w : v) of homogenizing buffer containing 154 mM KCl, 50 mM Tris-HCl, and 1 mM EDTA (pH 7.4). Tissue homogenate was centrifuged at 600 ×g for 10 min at 4 o C and the supernatant was used for the following analyses. The activity of catalase was measured by the method of Abei (19) . Total glutathione levels were measured by the method of Griffith (20) . Protein contents were determined using a commercial kit from Bio-Rad (USA).
Lipid peroxidation analysis.
The level of lipid peroxides in the liver and kidney homogenate was analyzed according to the method of Ohkawa et al. (21) . Briefly, homogenates (10%, w : v) were mixed with sodium dodecyl sulfate, acetate buffer (pH 3.5), and thiobarbituric acid. After boiling at 95 o C for 1 h, the mixture was immediately placed on the ice to stop the reaction. The red pigment was extracted with n-butanol : pyridine mixture (15 : 1, v:v) after vigorous vortexing. Finally, the absorbance of butanol layer was measured at 532 nm using 1,1,3,3-tetraethoxypropane as a standard. The lipid peroxide level was expressed as malondialdehyde equivalents per gram tissue.
Total RNA extraction and semiquantitative RT-PCR.
Total RNA of liver tissue was isolated using RNAiso reagent (Takara, Japan) and amount of RNA was measured using Quanti-iT TM RNA Assay Kit (Invitrogen, USA). cDNA was synthesized using 2 mg of total RNA with the Superscript ® II Reverse Transcriptase (Invitrogen). For amplification of cDNA, primers for X-box-protein-1 (XBP-1; forward primer 5'-AAACAGAGTAGCAGCTCAGACTGC-3', reverse primer 5'-TCCTTCTGGGTAGACCTCTGGGAG-3') and peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α: forward primer 5'-AGCCGTGACCACT-GACAACGAG-3', reverse primer 5'-GCTGCATGGTTCT-GAGTGCTAAG-3') were used. Expression of β-actin was examined as an internal control (forward primer 5'-TGAC-CCAGATCATGTTTGAGACC-3', reverse primer 5'-CCAT-ACCCAAGAAGGAAGGC-3'). Amplified products of XBP-1 were further digested by PstI to check whether a PstI restriction site was lost after inositol-requiring enzyme 1-mediated splicing of mRNA. The amplified products were separated on agarose gel and visualized with ethidium bromide staining under UV illumination. The bands were quantified with Quantity One software (Bio-Rad, USA).
Real-time quantitative RT-PCR. All reactions were performed using a StepOne TM Real Time PCR System (Applied Biosystems, USA). To determine gene expression using SYBR ® premix Ex Taq TM , the amplification reactions were performed according to manufacturer's protocol. For amplification of cDNA, primers for peroxisome proliferator-activated receptor alpha (PPARα; forward primer 5'-CCTCAGGGTACCACTACGGAGT-3', reverse primer 5'-GCCGAATAGTTCGCCGAA-3'), carnitine palmitoyltransferase 1a (CPT1a: forward primer 5'-ACGGAGTCCTG-CAACTTTGT-3', reverse primer 5'-GTACAGGTGCTGGT-GCTTTTC-3'), stearoyl-CoA desaturase 1 (SCD1: forward primer 5'-ATCTCCAGTTCTTACACGACCACC-3', reverse primer 5'-CGTCTTCACCTTCTCTCGTTCATT-3'), and heme oxygenase 1 (HO-1: forward primer 5'-CCTCACTG-GCAGGAAATCATC-3', reverse primer 5'-CCTCGTGGA-GACGCTTTACATA-3') were used. Expression of ribosomal protein L19 (RPL19) was examined as an internal control (forward primer 5'-TCAGGCTACAGAAGAGGCT-TGC-3', reverse primer 5'-ATCAGCCCATCCTTGATCAGC-3'). Quantification of relative changes in expression was determined following the manufacturer's suggested protocol for a ∆∆Ct assay.
Tissue extract preparation and immunoblotting analysis. Liver tissues were homogenized in ice-cold protein lysis buffer. After centrifugation for 30 min at 10,000 ×g at 4 o C, the protein content of the supernatant was determined with Bio-Rad protein Assay Reagent. Equal amounts of protein were loaded into the lanes of a SDS-PAGE gel, separated, and blotted onto a PVDF membrane. After the membranes had been blocked with either 5% nonfat milk or bovine serum albumin, they were probed with a specific antibody, as follows: anti-eukaryotic translation initiation factor 2 alpha (eIF2α; Cell Signaling, USA), anti-p-eIF2α (Cell Signaling), anti-dephosphorylated tau (clone tau-1; Chemicon, USA), anti-phosphorylated acetyl-CoA carboxylase (ACC; Millipore, USA), anti-KDEL (Stressgen, USA), anti-c-Jun Nterminal kinase (JNK; Cell Signaling), anti-p-JNK3 (Millipore), or anti-beta-actin (Sigma). The membranes were then incubated with a horseradish peroxidase-conjugated secondary antibody for chemiluminescent detection. The band intensities were quantified using Quantity One software.
Statistical analysis. The data were analyzed using SPSS software (version 16.0). For all experiments, one-way ANOVA followed by Duncan's multiple range test was employed to determine the statistical significances among groups. Data were expressed as means ± SEM and differences were considered statistically significant at p < 0.05.
RESULTS
Effect of betaine on serum and hepatic biochemical parameters. The body weight changes and final relative perirenal fat weights did not differ among the groups (data not shown). However, both the absolute and relative liver weights were significantly increased in the db/db mice, and betaine supplementation did not cause a change in the liver weight (data not shown). Serum insulin levels and homeostatic model assessment of insulin resistance (HOMA-IR) of db/db mice were significantly reduced in the betaine-supplemented group (Fig. 1) . Serum triglyceride levels of the db/db group were significantly higher than those of the db/ db betaine group. However, supplementation with betaine did not significantly block an increase of hepatic triglyceride accumulation.
Effect of betaine on oxidative stress and ER stress in the livers of db/db mice. A significantly decreased hepatic thiobarbituric acid reactive substance (TBARS) levels was observed in the db/db group by betaine supplementation ( Fig. 2A) . Hepatic total glutathione levels were also Relative mRNA levels of spliced XBP-1 were determined by semiquantitative RT-PCR. Equal RNA loading was confirmed with beta-actin. Bottom: The protein levels of p-eIF2α and total eIF2α were determined by immunoblotting analysis.
significantly increased in the betaine-supplemented group. Consistently, catalase activity was significantly increased by betaine supplementation. A significant induction of HO-1 expression was observed in db/db mice. Betaine tended to reduce mRNA levels of HO-1, but the differences did not reach statistical significance.
To determine the effects of betaine on ER stress, we examined the signaling in the ER stress pathway. As shown in Fig. 2B , the ER stress-induced splicing of XBP-1 mRNA was markedly increased in db/db mice. Betaine alleviated ER stress in the livers of db/db mice. We also determined the phosphorylation of eIF2α, which is typically associated with the stress responses and causes a reduction in protein synthesis (22) . Betaine supplementation significantly reduced the levels of p-eIF2α in the livers of db/db mice. Total eIF2α levels were also assessed and indicated equal loading.
Effect of betaine on glucose and lipid metabolism in the livers of db/db mice. PGC-1α has been identified as an important mediator of glucose regulation and its expression in the liver is dramatically increased in diabetes or during fasting (23) . Betaine alleviated PGC-1α mRNA expression, which was markedly increased in db/db mice (Fig. 3A) . The expression of PPARα pathway genes was also significantly increased in db/db mice fed a betaine-supplemented diet (Fig.  3B) . PPARα promotes the hydrolysis of circulating triglyceride, increases the partitioning of fatty acids for β-oxidation, and reduces the secretion of very-low-density lipoprotein (VLDL) in the liver (24) . Betaine supplementation significantly increased expression of CPT1a, the key regulatory enzyme for fatty acid oxidation. Betaine also increased ACC phosphorylation, confirming that betaine increased hepatic fatty acid oxidation in db/db mice (Fig. 3C) . Interestingly, we # also observed that db/db mice fed a betaine-supplemented diet exhibited significantly increased mRNA levels of SCD1, which is responsible for the conversion of saturated fatty acids into monounsaturated fatty acids (Fig. 3B) .
Effect of betaine on tau hyperphosphorylation in the brains of db/db mice. ER stress is involved in neuronal toxicity, as well as in insulin resistance in the liver and brain. We observed an alleviation of ER stress by betaine in the cortex and hippocampus based on the reduced expression of immunoglobin heavy chain-binding protein (BiP) (Fig. 4A) . JNK is activated in response to ER stress in the brain. The activity of JNK, a serine/threonine kinase involved in tau hyperphosphorylation, was also measured by immunoblotting using a specific antibody directed against p-JNK. Consistent with the ER stress indicator BiP, we observed the activation of JNK in the cortices and hippocampi of db/ db mice and the reduction of JNK activity by betaine (Fig.  4B) . We also determined the phosphorylation status of tau with immunoblotting. Protein levels of dephosphorylated tau were significantly increased in the db/db betaine group compared to those in the db/db group, suggesting that betaine alleviated tau hyperphosphorylation in the cortices and hippocampi (Fig. 4C ).
DISCUSSION
In this study, the administration of betaine averted ER and oxidative stress responses and attenuated the pathological features of the diabetic livers and brains in db/db mice. We observed a significant increase in fatty acid oxidation in betaine group, as determined by PPARα and CPT1a mRNA levels, and phosphorylated ACC protein level, indicating a possible mechanism of betaine action in the alleviation of hyperlipidemia. This observation is consistent with previous reports that have shown that activation of AMP-activated protein kinase, which phosphorylates and inhibits ACC, can alleviate hepatic steatosis in animal models (16, 17) . Impaired mitochondrial β-oxidation of fatty acids, but the induction the tricarboxylic acid cycle and pyruvate carboxylase have been shown to contribute to elevated gluconeogenesis in diabetic ZDF rats (25) . Furthermore, betaine supplementation dramatically increased SCD1 mRNA levels, suggesting that increased accumulation of monounsaturated fatty acids may responsible for alleviation of insulin resistance in db/db mice fed a betaine-supplemented diet. Previous studies have reported that fatty acid composition, rather than fatty acid oversupply, is related to insulin sensitivity (26, 27) . In this study, we observed significantly reduced serum insulin levels and HOMA-IR after betaine supplementation. Betaine supplementation also reduced the expression of PGC-1α mRNA, which correlates well with hepatic gluconeogenesis (28) . A recent study reported that betaine reduced fasting glucose and insulin and reversed hepatic insulin resistance in mice with nonalcoholic fatty livers (16) . Betaine reduced ER and oxidative stress in the livers of db/db mice. Consistently, betaine supplementation has a protective effect against oxidative stress and steatosis in the livers of rats fed a high-fat diet (14) , suggesting a role for betaine in increased glutathione synthesis by supplying its substrates, cysteine and glycine. As an osmolyte, betaine increases the water retention of cells and acts like a chaperone to stabilize protein structures against environmental stress (29, 30) . We also observed that ER stress in the cortices and hippocampi of db/db mice was alleviated by betaine supplementation. db/db mice have been shown to be more sensitive to seizure-induced hippocampal damage than wildtype, suggesting a role for leptin receptors in cell survival signaling (31) . Furthermore, betaine supplementation alleviated JNK activation and tau hyperphosphorylation in db/db mice. Previous studies reported that increased tau hyperphosphorylation in the brains of db/db mice (32) and streptozotocin-mediated diabetic mice (33) .
In conclusion, betaine supplementation improved serum insulin and triglyceride levels of db/db mice. We also observed the alleviation of tau hyperphosphorylation in the brains of db/db mice fed a betaine-supplemented diet. The ER and oxidative stress evident in db/db mice were alleviated by betaine, which may have contributed to the beneficial effects of betaine. Therefore, betaine may have potential application in the treatment of type 2 diabetes.
